creased after exercise (25) , resulting in an increased net synthesis of collagen in the tendon. In accordance with the net collagen synthesis, in human and animal models, exercise results in enlargement of tendon diameter (10, 27, 42, 53) and increase of tensile strength and stiffness (29, 41, 53) . In contrast, excessive loading or overuse can result in deterioration in the mechanical properties of the tendon, including decreased modulus of elasticity and decreased maximum stress to failure (46) .
At the opposite extreme from normal use, exercise, and overuse of tendons, tendon disuse, or stress deprivation, also occurs. Tendon disuse frequently accompanies a number of disorders, such as infection, tumors, congenital deformities, degenerative diseases, trauma, and treatments for these disorders, which frequently include immobilization, prohibition of weight bearing, and bed rest. For example, the flexor digitorum profundus (FDP) tendon is normally deprived of stress for several months by limiting its movement and loading after it is injured and repaired (47) . A better understanding of the effects of stress deprivation could improve our understanding of the recuperation process and, potentially, improve rehabilitation protocols.
Although a number of studies have investigated the effects of tendon disuse and immobilization, the results with regard to protein synthesis, gene expression, and mechanical properties have been limited and inconsistent. A number of studies have reported that disuse results in a decrease in collagen synthesis (18, 24, 43) , but an increase in collagen synthesis has also been reported, although it is associated with an increase in collagen degradation, in a rabbit patellar tendon immobilization model (5, 15, 20) . In addition, few studies have investigated the effects of disuse on other important ECM components in the tendon, such as decorin and fibronectin, and the components related to catabolism of ECM, such as MMPs and TIMPs. More studies are necessary to further clarify and characterize the effects of stress deprivation on the tendon. In this study, we investigated the effect of stress deprivation on the crosssectional area and tensile property of canine flexor tendon and metabolism of ECM components, such as collagen I, collagen II, collagen III, aggrecan, decorin, fibronectin, MMPs, and TIMPs, in the tendon in vivo.
MATERIALS AND METHODS

Animals and tendons.
Forty FDP tendons were harvested from the third and fourth digits of the forepaws of 20 adult mongrel dogs (10 -15 mo old, 20 -25 kg body wt) that had been killed in the course of other studies (49, 55, 56) approved by our Institutional Animal Care and Use Committee. As a part of those studies, which involved surgery on the second and fifth digit tendons, the dogs were treated with a non-weight-bearing protocol, in which the operated forepaw in each dog was splinted in wrist flexion and a sling was used to maintain the paw underneath the chest with a custom-made canine jacket (Fig. 1) for 21 (n ϭ 10) or 42 (n ϭ 10) days. Postoperative care included 10 min of passive motion exercise of the paw and digits twice daily, 7 days/wk, to prevent joint contracture and adhesion formation in the operated digits.
As a control group, we used 20 FDP tendons harvested from forepaws of 10 dogs of similar age, sex, and breed that were involved in unrelated Institutional Animal Care and Use Committee-approved studies of cardiac physiology that did not include interventions involving their legs or paws. In each group, 10 FDP tendons from the third digit were used for analysis of gene expression with real-time RT-PCR, and 10 FDP tendons from the fourth digit were used for evaluations of cross-sectional area and tensile property.
Real-time RT-PCR. The metabolism of the tendon was investigated by quantification of the expression of ECM-related genes in the tendons with real-time RT-PCR. After the dogs were killed, 10-mmlong segments underneath the distal pulley were harvested from flexor tendons of the third digits. Tendon pieces were stored at Ϫ80°C until RNA extraction. Each specimen was homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA) with a MIKRO Dismembrator (B. Braun Biotech). Total RNA was extracted from the tendon segment according to the manufacturer's protocol. Contaminating genomic DNA was digested with DNase (Roche Applied Science, Indianapolis, IN) and further removed using the RNeasy Mini Kit (Qiagen, Valencia, CA). RNA concentration was determined using a RiboGreen RNA quantification kit (Invitrogen), then RNA was reverse transcribed into single-stranded cDNA using the Transcriptor First-Strand cDNA Synthesis Kit (Roche Applied Science). Quantitative RT-PCR was performed with LightCycler 1.5 (Roche Applied Science) to measure the gene expressions of collagen I, collagen II, collagen III, aggrecan, decorin, fibronectin, MMP2 (gelatinase A), MMP3 (stromelysin 1), MMP13 (collagenase 3), MMP14 (membrane-type MMP1), TIMP1, and TIMP2 with an annealing temperature of 60 -62°C and magnesium concentration of 3.5 mM. The PCR primers designed from canine-specific cDNA sequences are listed in Table 1 .
To find a reference gene for RT-PCR, we tested ␤-actin and GAPDH. The ␤-actin-to-RNA ratio significantly changed with the suspension of the limb. However, there was no significant difference in the GAPDH-to-RNA ratio between the normal tendon and the tendon in the limbs suspended for up to 6 wk. Therefore, GAPDH was chosen as reference gene, as in previous studies (7, 8, 48) .
Cross-sectional area measurement and tensile test. Cross-sectional area and tensile strength of the flexor tendon segments from the fourth digits were measured. After the PCR samples were harvested from the third digits, the remaining parts of the undissected forepaws were placed in plastic bags and stored at Ϫ80°C. The paws were thawed 1 night before the dissection of flexor tendons in fourth digits for mechanical testing. After the tendon was harvested, its size was measured with a digital caliper for calculation of cross-sectional area. The tendons were then mounted in a servohydraulic testing machine (MTS Systems, Minneapolis, MN) using clamps with interdigitating grooves. The barbed anchor pins at each end of a differential variablereluctance transducer (MicroStrain, Burlington, VT) were inserted into the tendon to surround the region of interest with an initial distance of 12-14 mm to measure the displacement of the tendon under loading. A preload of 2 N was applied to the tendons before they were stretched. Tendons were distracted at a rate of 20 mm/min. Tensile force and displacement data were collected at a rate of 20 Hz. Throughout the testing, the tendons were kept moist with physiological saline solution. Stiffness was measured from the slope of the load-elongation curve in the linear region.
Statistical methods. Means and SDs for expression of each gene, cross-sectional area, and stiffness were calculated for each group. The overall comparisons of gene expression, cross-sectional area, and stiffness among the control group and two stress-deprivation groups were analyzed by one-way ANOVA. The Tukey-Kramer honestly significant difference test was used as a post hoc test. P Ͻ 0.05 was considered to indicate statistical significance. All statistical analyses were performed with JMP 8 (SAS Institute, Cary, NC).
RESULTS
Stress deprivation resulted in reduction of the expression of collagens in the disuse tendons compared with the tendons in the limbs with free motion (Fig. 2) . After stress deprivation for 21 days, the expression of collagen I in the FDP tendons was reduced to 72% of that of the control tendon, but this difference was not statistically significant (P ϭ 0.2933). After stress deprivation for 42 days, the expression of collagen I in the FDP tendon was 26% of that of the control tendon (P ϭ 0.0075). Collagen II demonstrated a more dramatic reduction than collagen I. With limb suspension for 21 and 42 days, the expression of collagen II was significantly reduced to 9% and 2%, respectively, of that of the control tendon. In contrast, the expression of collagen III was reduced less than the expression of collagen I, with no difference at 21 days, and was reduced to 40% of the control tendon at 42 days (P ϭ 0.0222).
Stress deprivation also resulted in a significant reduction in the expression of aggrecan, decorin, and fibronectin ( Fig. 3) , which further decreased with the longer period of stress deprivation. After stress deprivation for 21 days, the expression of aggrecan, decorin, and fibronectin in the flexor tendons was reduced to 23%, 52%, and 52% of that in the control tendons, respectively (all P Ͻ 0.002). With stress deprivation for 42 days, the expression of aggrecan, decorin, and fibronectin was further reduced to 4%, 30%, and 24%, respectively (all P Ͻ 0.0001).
Stress deprivation had different effects on the expression of MMP2, MMP3, MMP13, and MMP14 (Fig. 4) . With stress deprivation, the expression of MMP2 was significantly increased (P Ͻ 0.004) at 21 and 42 days. The expression of MMP3 was significantly decreased at 21 and 42 days (P Ͻ 0.03). The expression of MMP13 was not altered with stress deprivation. The expression of MMP14 was significantly increased at 21 days (P ϭ 0.0015), but not 42 days. Stress deprivation for 21 days did not result in a reduction of the expression of TIMP1 and TIMP2 (Fig. 5) . However, a significant decrease of TIMP1 (P ϭ 0.0043), but not TIMP2 (P ϭ 0.1489), was found after stress deprivation for 42 days.
The cross-sectional area of the tendons decreased with stress deprivation. The cross-sectional area of the control tendons was 7.13 Ϯ 1.16 mm 2 . With stress deprivation for 21 days, the cross-sectional area of the tendons was reduced to 6.79 Ϯ 0.77 mm 2 , but this difference was not significant (P ϭ 0.6673). Stress deprivation for 42 days did result in a significant decrease in tendon cross-sectional area (5.93 Ϯ 0.63 mm 2 ) compared with the control tendons (P ϭ 0.0093), but not the tendons subjected to 21 days of stress deprivation (P ϭ 0.1302).
Stress deprivation did not alter the stiffness of the tendons (P Ͼ 0.05). The stiffness of the control tendons and the 21-and 42-day stress-deprived tendons was 346 Ϯ 80, 331 Ϯ 68, and 359 Ϯ 63 N/mm, respectively.
DISCUSSION
It has been over four decades since the effects of stress deprivation on tendons were first investigated (1) . The studies mainly focused on human Achilles (15, 16, 44) and patellar (17, 18) tendons and animal Achilles (2, 8, 19, 23, 24, 34, 43) , patellar (5, 20, 32, 50, 51, 54) , and tibialis anterior (24, 43) tendons. Clinically, however, the human finger FDP tendon is also commonly stress deprived because of the frequency of hand injuries and the need for stress deprivation in the course of treatment (47) . In this study, we studied stress deprivation of canine FDP tendons by splinting and sling immobilization, both of which are common clinical techniques.
Collagen synthesis. Collagen is the principal structural component of the tendon. A number of techniques have been used to study collagen synthesis in tendons. Radioactive proline was used to label collagen to study collagen synthesis in human patellar tendon in vivo (18) . The tendon collagen synthetic rate fell with disuse of the tendon at 10 and 21 days. The same technique was used to trace the collagen synthesis and degradation in rabbit patellar tendons after 9 wk of immobilization; however, at this longer time point, collagen synthesis and degradation were increased compared with control values (5) .
In addition to measurement of proline uptake, the NH 2 -terminal propeptide of type I collagen has also been used as a biomarker of collagen synthesis. The technique of microdialysis was performed to collect the NH 2 -terminal propeptide of type I collagen in the peritendinous space of human Achilles tendons. Studies using this method have shown that collagen synthesis did not change after immobilization for 2 wk but increased after immobilization for 7 wk (15, 16) .
Prolyl 4-hydroxylase and galactosylhydroxylysyl glucosyltransferase catalyze posttranslational modifications of collagen biosynthesis. Their activities are associated with the rate of collagen synthesis. The activities of these two enzymes in rat Achilles and tibialis anterior tendons were measured after cast immobilization for 1 and 3 wk (24, 43) . In these studies, collagen biosynthesis decreased in Achilles and tibialis anterior tendons, which were casted in a position that relieved tension on the tendons, but collagen biosynthesis did not change in the tendons that were casted in a stretched position. The message from this study appears to be that it is not simply a lack of motion that downregulates tendon collagen synthesis: there must be some degree of unloading as well.
Collagen synthesis can also be assessed by quantification of collagen mRNA with real-time RT-PCR. Training and exercise increase the expression levels of collagen I and III (6, 22, 37) . Heinemeier et al. (22) normalized the gene expression to tissue weight and found that the expression of collagen I and III in rat Achilles tendons increased in response to concentric, eccentric, or isometric training. However, they found no change in collagen I and III mRNA expression in response to hindlimb suspension for 1 or 2 wk (23). Arruda et al. (8) found that the expression of collagen I and III decreased in rat Achilles tendon after 5 wk of denervation.
In this study, we used real-time RT-PCR to measure the synthesis of collagen I, II, and III in FDP tendon with or without stress deprivation. Our results are in agreement with previous reports that the expression of collagen I and III in the tendon is unaltered or slightly decreased with stress deprivation for a short period of time, in our case 3 wk. Our data are at variance with some previous studies, which have variably shown increases and decreases in collagen synthesis over longer time frames. We believe that our findings may be explained by reference to the above studies, which have tended to show decreases of collagen synthesis when immobilization is combined with a lack of loading over a longer term.
In addition to collagen I and III, there is some collagen II in certain tendons, mainly in compressive regions where tendons go around bony pulleys or bear weight. In these locations, intratendinous nodules of fibrocartilage are present. There is a rapid depletion of collagen II and fibrocartilage in the rabbit hindpaw flexor tendon within 4 wk after elimination of compression by transposition (33) . The volar aspect of the tendon segments in our study includes one area of fibrocartilage. We found that the expression of collagen II was significantly reduced with stress deprivation, to the point of nearly complete inhibition. These data suggest that collagen II might be a more sensitive marker of tendon stress deprivation.
Proteoglycan expression. In addition to collagens, the tendon also consists of a number of proteoglycans. Aggrecan, which holds water and resists compression (52) , was identified in the fibrocartilaginous region of the tendon. Decorin, which has been identified at the interface of the collagen fibrils, is believed to facilitate fibrillar slippage (39) . Fibronectin serves as a cell attachment molecule and induces cell spreading and adhesion to various substrata; it is also involved in wound healing and tendon lubrication (3, 4, 9, 12) .
Little information available regarding changes in individual proteoglycan in stress-deprived tendons is available. A prior study investigated uronic acid in the hydrolysates of rat patellar tendons (51) . Hindlimb suspension for 4 wk resulted in a significant decrease of uronic acid in rat patellar tendons. The authors proposed that proteoglycans in the stress-deprived patellar tendon were decreased compared with the normal control tendons.
We studied the expression of aggrecan, decorin, and fibronectin. The expression of all these proteoglycans significantly decreased with stress deprivation. Longer-duration stress deprivation resulted in larger reductions in the expression of these proteoglycans. The expression of aggrecan was most severely affected. As aggrecan is also present in fibrocartilage, these changes, which mirror those of collagen II, seem logical. We conclude that markers of proteoglycan synthesis might also be useful in the assessment of tendon stress deprivation.
MMP and TIMP expression. Collagen degradation has been measured with a number of experimental techniques, such as radioactive labeling (5) and microdialysis of the collagen COOH-terminal telopeptide (15, 16) . However, the details of collagen degradation in the stress-deprived tendon are unknown. The real-time RT-PCR technique is sensitive and is able to detect the individual MMPs, TIMPs, and other proteins related to degradation of the tendon. We believe that RT-PCR assessment of MMPs and TIMPs could be useful in the study of degradation of collagen and other ECM components in response to stress deprivation.
MMPs are a large family of enzymes that degrade ECM components; their activities are inhibited by TIMPs (36) . MMP2, MMP3, and MMP14 participate in collagen degradation, as well as collagen remodeling, during flexor tendon healing (38) . MMP13 participates only in collagen degradation. TIMP1 and TIMP2 are capable of inhibiting activities of various MMPs (11, 25) . However, the roles of MMPs and TIMPs during stress deprivation of the tendon are unknown.
This study found that the expression of MMP2, MMP3, MMP13, and MMP14 in the flexor tendon varied in their response to stress deprivation. MMP2 (gelatinase A), which has the capability to digest a broad range of substrates in addition to gelatin (11, 45) , such as collagen I, collagen III, aggrecan, and fibronectin, appeared to play the most important role in remodeling of the stress-deprived tendon, as it was the most significantly upregulated. The expression of MMP14 (membrane-type MMP1), which digests collagen I, II, III, aggrecan, and fibronectin, may also play a role in remodeling of disused tendon initially, as it was elevated at 3 wk, but not 6 wk. MMP3 and MMP13 appeared to be much less involved in remodeling of the stress-deprived tendon. The disuse did not stimulate the increase but, rather, the decrease of the expression of MMP3 (stromelysin 1) in the tendon.
The increase of MMP expression and the decrease of TIMP expression that we found could indicate an increase of the rate of tendon remodeling. Again, measurement of these markers, especially MMP2, might be very useful in the assessment of stress deprivation in the tendon.
Cross-sectional area and tensile property. Long-term exercise can increase animal and human tendon diameter (10, 27, 42, 53) . Our data show that stress deprivation resulted in a decrease of the cross-sectional area of canine flexor tendon. This finding is consistent with the decrease in expression of collagens and proteoglycans that we also observed. It would appear from the published studies that, in more tendinous areas, stress deprivation does not greatly affect the crosssectional areas of rat and rabbit Achilles tendon (19, 34) or human Achilles and patellar tendons (17, 18, 44) . We can only speculate as to the changes that might occur in the fibrocartilaginous area in our model. This is also consistent with previous work showing the rapid depletion of fibrocartilage in the rabbit model, as mentioned above (33) .
Stress deprivation results in a decrease in tendon stiffness or modulus in animal and human tendons (2, 17, 18, 32, 34, 40, 44, 50, 54) . However, this study did not find that the stiffness of canine flexor tendon was significantly altered after stress deprivation for 3 or 6 wk. This could result from the method of stress deprivation used in this study, which was not absolute: the animals could move their limbs within the sling, and they had passive therapy every day. We believe that our method of stress deprivation may have less effect on stiffness of the tendon than the methods used in previous studies.
There are several limitations to this study. 1) This study took advantage of tissue remaining after the completion of other projects, none of which was designed to assess the effects of stress deprivation. Nonetheless, given the paucity of data, we believe that our results are useful, particularly in identifying some markers of stress deprivation of the tendon that might be helpful in the future.
2) The surgical intervention that was performed in the neighboring digits may have affected the gene expression in the intact tendons. However, mRNA levels of a number of growth factors returned to normal levels 9 days after surgery (14) . Therefore, we believe that the results of gene expression obtained in this study mainly result from the stress deprivation. 3) Our study focused only on gene expression, which does not represent the total amount of proteins and the total MMP activity. However, we believe that this study potentially increases our understanding of the molecular mechanisms involved in the tendon disuse process, because the genes that are expressed are a reflection of current, rather than accumulated, activity.
Conclusions. We observed that stress deprivation downregulates the anabolic process of the ECM in flexor tendon by reducing the expression of collagen I, collagen II, collagen III, aggrecan, decorin, and fibronectin. At the same time, stress deprivation increases the catabolic process of the ECM by increasing the expression of MMPs, especially MMP2 and MMP14, and decreasing the expression of TIMP1 and TIMP2. The expression of collagen I, collagen III, TIMP1, and TIMP2 responded to stress deprivation more slowly than the expression of collagen II, aggrecan, decorin, fibronectin, MMP2, MMP3, and MMP14. MMP2 may play an important role in the remodeling of stress-deprived tendon. The loss of collagens and proteoglycans results in a smaller cross-sectional area in the fibrocartilaginous zone of tendons exposed to stress deprivation.
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